Amphotericin has remained the powerful but highly toxic last line of defense in treating lifethreatening fungal infections in humans for over 50 years with minimal development of microbial resistance. Understanding how this small molecule kills yeast is thus critical for guiding development of derivatives with an improved therapeutic index and other resistance-refractory antimicrobial agents. In the widely accepted ion channel model for its mechanism of cytocidal action, amphotericin forms aggregates inside lipid bilayers that permeabilize and kill cells. In contrast, we report that amphotericin exists primarily in the form of large, extramembranous aggregates that kill yeast by extracting ergosterol from lipid bilayers. These findings reveal that extraction of a polyfunctional lipid underlies the resistance-refractory antimicrobial action of amphotericin and suggests a roadmap for separating its cytocidal and membrane-permeabilizing activities. This new mechanistic understanding is also guiding development of the first derivatives of amphotericin that kill yeast but not human cells.
The incidence of life-threatening systemic fungal infections continues to rise in parallel with expanding populations of immunocompromised patients. 1 Substantially exacerbating this problem is the concomitant rise in pathogen resistance to almost all clinically approved antifungal agents. In contrast, amphotericin B (AmB) (Fig. 1a) has served as the gold standard treatment for systemic fungal infections for over five decades with minimal development of clinically significant microbial resistance. 2 This exceptional track record reveals that resistance-refractory modes of antimicrobial action exist, and the mechanism by which AmB kills yeast is one of them. However, because of the often dose-limiting toxicity of this natural product, mortality rates for systemic fungal infections persist near 50%. 3 Improving the notoriously poor therapeutic index of this drug and the development of other resistance-refractory antimicrobial agents thus represent two critically important objectives that stand to benefit from a clarified molecular description of the biological activities of AmB. Moreover, an advanced understanding of the biophysical interactions of this natural product within living systems would enable more effective utilization of its remarkable capacity to perform ion channel-like functions.
For decades, the prevailing theory has been that AmB primarily exists in the form of small ion channel aggregates that are inserted into lipid bilayers and thereby permeabilize and kill yeast cells (Fig. 1b) . [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] An extensive series of structural and biophysical studies, including those employing planar lipid bilayers, [4] [5] [6] [7] [8] [9] [10] liposome permeability, [9] [10] [11] [12] [13] 17 Corey-PaulingKulton (CPK) modeling, [7] [8] [9] UV/Vis spectroscopy, 9-11,13,21 circular dichroism, 10, 11, 13, 21 fluorescence spectroscopy, 9, 11 Raman spectroscopy, 10 differential scanning calorimetry, 9,10,21 chemical modifications, [11] [12] [13] [14] 17 atomic force microscopy, 21 transmission electron microscopy, 20 computer modeling, 11, 15 electron paramagnetic resonance, 10 surface plasmon resonance, 22 solution NMR spectroscopy, 11 and solid-state NMR (SSNMR) [16] [17] [18] [19] spectroscopy have been interpreted through the lens of this ion channel model. Importantly, this model suggests that the path to an improved therapeutic index requires selective formation of ion channels in yeast versus human cells, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] that the search for other resistance-refractory antimicrobials should focus on membrane-permeabilizing compounds, 24 and that the ion channel-forming and cytotoxic activities of AmB cannot be separated.
Recent studies show that the channel forming capacity of AmB is not required for fungicidal activity, whereas binding ergosterol (Erg) (Fig. 1a) is essential. [25] [26] [27] However, the structural and biophysical underpinnings of this rare type of small molecule-small molecule interaction and its connection to cell killing all remained unclear. Sterols, including Erg in yeast, play many essential roles in eukaryotic cell physiology, including functional regulation of membrane proteins, microdomain formation, endocytosis, vacuole fusion, cell division, and cell signaling. [28] [29] [30] [31] We thus hypothesized that sequestering Erg and thereby concomitantly precluding its participation in multiple cellular functions may underlie the fungicidal action of AmB.
Guided by this hypothesis, we considered three possible models for the primary structure and function of AmB in the presence of Erg-containing phospholipid membranes (Fig. 1b-d ): (i) In the classic channel model, AmB primarily exists in the form of small (~1 nm) ion channel aggregates inserted into the membrane, perpendicular to the membrane surface, with Erg molecules interdigitated between AmB molecules (Fig. 1b) . [7] [8] [9] 11, 12, [15] [16] [17] [18] [19] 22, 23 (ii) In an alternative surface adsorption model, AmB is primarily positioned in the intermediate/ headgroup region, oriented parallel to the plane of the membrane, sequestering Erg to the membrane surface (Fig. 1c) . 9, 22 (iii) In a new sterol sponge model, AmB primarily exists as large extramembranous aggregates that extract Erg from lipid bilayers (Fig. 1d ). In the latter two models, we envisioned that membrane-permeabilizing ion channels represent relatively minor contributors to both the structure and cytocidal activity of AmB. Here we report an extensive series of SSNMR, transmission electron microscopy (TEM), and cell-based experiments that all support the new sterol sponge model (Fig. 1d) .
RESULTS

SSNMR paramagnetic relaxation enhancement experiments
Distinguishing among the aforementioned structural and functional models (Fig. 1b-d ) required determining the location of AmB relative to lipid bilayers and the corresponding location of Erg in the absence and presence of AmB. Making these determinations turned out to be exceptionally challenging due to the lack of high-resolution methods for probing small molecule/membrane interactions. [9] [10] [11] [12] [13] 15, [17] [18] [19] [20] [21] We thus developed an experiment based on the NMR paramagnetic relaxation enhancement (PRE) of 13 C nuclei caused by lipidappended spin labels. 32-34 13 C nuclei proximal to a stable radical, such as 4,4-dimethyloxazolidine-N-oxyl (DOXYL), experience large enhancements of their longitudinal relaxation rates (R 1 = 1/T 1 ). Due to the high gyromagnetic ratio of the electron spin, the PRE is detectable for distances up to ~20 Å. Harnessing this phenomenon, we designed a magic-angle spinning (MAS) SSNMR PRE experiment based on 16-DOXYL-PC and 5-DOXYL-PC to interrogate proximity to the hydrophobic core and intermediate/headgroup region, respectively (Fig. 1a) . Importantly, the three models under consideration (Fig. 1b-d ) predict distinct PRE effects for AmB. The ion channel model predicts large PREs with both spin labels; the surface adsorption model predicts large PREs only with 5-DOXYL-PC; and the sterol sponge model predicts little or no PRE effects with either spin label.
To execute this experiment with maximized signal-to-noise ratio, we prepared highly enriched uniformly 13 C-labeled AmB (U-13 C-AmB) via development of an improved biosynthetic protocol. 18 By using uniformly 13 C-labeled glucose (U-13 C-glucose) as the primary carbon source, we developed a robust procedure for attaining >80% 13 C incorporation, the highest 13 C enrichment yet reported for this natural product (Supplementary Results, Supplementary Note). This highly enriched U-13 C-AmB enabled confident assignment of 13 C resonances and high sensitivity PRE measurements even at high lipid-to-AmB ratios.
We next identified a physiologically relevant lipid bilayer system in which we could execute the targeted experiments. Recent structure-function studies with AmB reveal that, in contrast to liposomes comprised of fully saturated lipids, liposomes derived from monounsaturated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and Erg yield results that mirror those obtained with live yeast cells. 25, 27 Also, unlike membranes derived from fully saturated lipids, the plasma membranes of yeast and bilayers derived from POPC:Erg are both in the liquid crystalline state at 23 °C. 35, 36 In yeast, POPC is highly abundant, and Erg is the most common sterol. 37 Moreover, at the minimum inhibitory concentration for AmB against both Saccharomyces cerevisiae and Candida albicans, there is at least as much AmB as there is Erg. 25 We thus prepared lipid bilayer samples throughout this study with molar ratios of at least 10:1 POPC:Erg; for those samples containing AmB, we used at least 1 equivalent of AmB (relative to Erg). These bilayers exhibited proper phase behavior and retained this behavior upon addition of DOXYL spin labels ( Supplementary Fig. 1 ).
To first confirm the position of each spin label in the bilayer, we determined the respective PREs on 13 C resonances in natural abundance POPC lipids with 5 mol% of each DOXYL spin label (Fig. 2a) . Consistent with the structure of POPC membranes, 35 bilayers doped with 5% 16-DOXYL-PC demonstrated a maximal PRE at the termini of the POPC fatty acid chains, and the PRE decreased as the distance from the center of the membrane increased (Fig. 2a) . The incorporation of 5-DOXYL-PC alternatively yielded maximal PREs in the intermediate and headgroup regions of the lipid bilayer and much smaller, yet still readily observable, effects at the membrane interior. Thus, these two spin label probes enabled confident and complementary interrogation of the innermost and outermost regions of a lipid bilayer in a straightforward SSNMR experiment.
We next prepared samples with U-13 C-AmB in POPC/Erg bilayers and used a series of 13 C chemical shift correlation experiments (including CTUC-COSY, 38 DARR, 39 and SPC5 recoupling 40 ) to assign de novo the 13 C resonances of AmB (Online Methods Section II, Supplementary Fig. 2 and 3 , Supplementary Table 1, and Supplementary Note). We then performed PRE measurements in the presence of 16-DOXYL-PC or 5-DOXYL-PC spin probes. The results were striking and unambiguous. As predicted by the extramembranous sterol sponge model, and inconsistent with both the membrane-inserted ion channel and surface adsorption models, we observed no significant PREs to any 13 C resonances of AmB with either probe (Fig. 2b) . Thus, the majority of AmB in these samples was >20 Å away from the membrane-embedded spin labels.
AmB primarily exists as large extramembranous aggregates
A series of additional SSNMR experiments further revealed that AmB exists in the form of large aggregates that are more closely associated with water than lipids. The longitudinal relaxation times (T 1 values) for AmB were substantially longer than those of the lipids, consistent with large and relatively immobile aggregates of AmB (Fig. 2c, 2d , Supplementary Table 2 ). SSNMR spin-diffusion experiments, designed for the purpose of probing membrane protein topology, 41 revealed that lipid-AmB correlations reached maximum intensity only at very long mixing times (~400 ms) for all resolvable carbons on AmB (Fig. 2e, 2f, Supplementary Fig. 4 ), indicating that the majority of the lipids were >15 Å away from the AmB. In contrast, we observed strong correlations between water and AmB within just 25 ms, consistent with intimate proximity of the AmB aggregates to water.
To further probe these aggregates and distinguish between an intramembranous vs. extramembranous location, we also performed transmission electron microscopy analysis of large unilamellar vesicles (LUVs) comprised of the same ratio of POPC:Erg ± AmB. In the absence of added AmB, we observed well-formed LUVs (Fig. 3a, Supplementary Fig. 5a ). When AmB was added, we observed large extramembranous aggregates (Fig. 3b, Supplementary Fig. 5b ). These aggregates were associated with one or more LUVs, suggesting an interaction between the surfaces of the aggregate and the lipid bilayer. When we added the same amount of AmB to the same volume of buffer devoid of LUVs, similar aggregates of AmB were observed (Fig. 3c, Supplementary Fig. 5c ). These observations are consistent with the spontaneous formation in aqueous buffer of large AmB aggregates that externally associate with the surface of lipid bilayers.
Importantly, parallel potassium efflux experiments revealed readily observable membrane permeabilization upon adding the same concentration of AmB to suspensions of the same POPC:Erg LUVs (Supplementary Fig. 6 ). This observation was consistent with a minor fraction of AmB existing in the form of membrane-permeabilizing ion channels that are too small to be visualized by TEM. This analysis was also consistent with all of our SSNMR data, in which the limits of detection permit up to 5% of the AmB existing in the membrane (Online Methods Section II).
Extramembranous AmB aggregates extract Erg from bilayers
With the structural aspects of the sterol sponge model confirmed, we aimed to test the functional prediction that these large extramembranous aggregates of AmB extract Erg from lipid bilayers. We first performed a modified SSNMR PRE experiment in which we analyzed 13 C-skip-labeled Erg ( 13 C-Erg, Fig. 4a ) 19 in spin label-containing bilayers as a function of AmB: 13 C-Erg ratio (Fig. 4a) . This labeling pattern provided sufficient sensitivity that the ratio of POPC to Erg was increased to 40:1, readily enabling titrations of the AmB:Erg molar ratio while retaining the biophysical properties of the lipid bilayer. Thus, we prepared bilayers comprised of POPC: 13 C-Erg 40:1 ± 5 mol% 16-DOXYL without or with increasing amounts of natural abundance AmB. AmB had minimal effect on the POPC PRE ( Supplementary Fig. 7 ). In contrast, we observed a progressive decrease in the 13 C-Erg PRE as the amount of AmB increased, indicating that Erg increasingly occupied a position outside the lipid bilayer (Fig. 4a, Supplementary Fig. 7a ). In the absence of AmB (AmB: 13 C-Erg 0:1), we observed substantial PREs for the resolved 13 C signals of 13 C-Erg; for several sites, such as Erg-18, Erg-21, Erg-22, Erg-24 and Erg-26/27, the PRE was ~1.5 s −1 or greater, and the 13 C T 1 values were relatively short (<1.5 s) ( Supplementary Fig. 7b ). These findings are consistent with the structure of Erg-containing membranes in which the Erg was inserted into the hydrophobic core of the bilayer, 35 with the isopropyl tail most deeply inserted and therefore most proximate to the 16-DOXYL label. These conformationspecific PREs for 13 C-Erg decreased markedly upon the addition of AmB (Fig. 4a , Supplementary Fig. 7a ). Specifically, with increasing amounts of natural abundance AmB (AmB: 13 C-Erg ratios of 1:1, 4:1, 8:1), we observed a progressive decrease, with at least a three-fold reduction in observed PRE in the AmB: 13 C-Erg 8:1 sample. These results support the interpretation that, in the presence of increasing amounts of AmB, Erg increasingly occupied a position outside the lipid bilayer membrane.
Additional SSNMR experiments also supported this conclusion and further demonstrated that the extracted Erg is physically bound to the extramembranous aggregates of AmB. As the ratio of AmB: 13 C-Erg increased, Erg resonances, but not those of POPC, demonstrated inhomogeneous broadening, 19 consistent with a transition from a mobile state to an immobile state ( Supplementary Fig. 8 ). The average 13 C T 1 relaxation values for 13 C-Erg also followed the expected trend, increasing with the AmB: 13 C-Erg ratio ( Supplementary  Fig. 7b ). 2D 13 C-13 C correlation spectra further revealed several 13 C-Erg resonances that shifted significantly upon the addition of AmB (Fig. 4b, and Supplementary Table 3) , and resolved bound state resonances exhibited significantly higher linewidth and T 1 values than those of the corresponding unbound state ( Supplementary Fig. 9 ). In the absence of AmB, we observed very strong lipid-Erg correlations and no water-Erg correlations (Fig. 4c , Supplementary Fig. 10 ), 41 whereas in the presence of AmB we observed strong water correlations to all resolved Erg sites, with polarization transfer rates similar to those observed for AmB (Fig. 4c, Supplementary Fig. 11 ). We also repeated 1D and 2D chemical shift, linewidth, and T 1 analyses of 13 C-Erg in the presence of amphoteronolide B (AmdeB), a synthesized derivative of AmB that lacks the mycosamine appendage and does not bind Erg, 25, 27 and observed no 13 C-Erg chemical shift perturbations and only very small changes in linewidths and T 1 values ( Supplementary Fig. 12 ).
To definitively probe whether the extracted Erg is bound to the AmB aggregate, we prepared an additional series of samples in which 13 C labels were placed on (i) only Erg ( Fig. 4d ), (ii) only AmB (Fig. 4e) , and (iii) both AmB and Erg (Fig. 4f) . 42, 43 for the first two samples showed only the anticipated intramolecular correlations (Fig. 4d, 4e ), while the sample containing labels on both AmB and Erg revealed many new intermolecular AmB-Erg cross peaks (Fig. 4f) , consistent with Erg aligned parallel to the polyene region of AmB and directly confirming the formation of a small molecule-small molecule complex. We also measured the 1 H-13 C dipolar couplings for resolved sites in both AmB and Erg using the T-MREV recoupling sequence 44 (Online Methods Section II, Supplementary Fig. 13 ) and Erg (Supplementary. Fig 14) to determine the relative mobility of these sites. In the absence of AmB, Erg was mobile as evidenced by the low order parameters, but in the presence of AmB, the order parameters shifted to the same rigid lattice limit observed for AmB (Supplementary Table 2 ). Furthermore, we observed line widths of >110 Hz for both AmB and Erg in the sterol sponge (Supplementary Table 2 ). Thus, AmB extracts Erg from lipid bilayers into large, extramembranous aggregates.
AmB extracts Erg from and thereby kills yeast cells
Finally, we tested the validity of the sterol sponge model in cells. First, we probed whether AmB extracts Erg from the cell membrane of yeast by adapting an ultracentrifugation-based membrane isolation assay 45 to quantify the amount of Erg in the membranes of live Saccharomyces cerevisiae cells in the absence and presence of AmB (Online Methods Section V). As shown in Fig. 5a , AmB very effectively extracted Erg in a time-dependent fashion. In contrast, we observed no Erg extracting effects with the non-Erg-binding derivative AmdeB.
Further experiments demonstrated that the Erg-extracting activity of AmB was responsible for its cell killing effects. As shown in Fig. 5b , we observed no cell killing with DMSO or AmdeB, whereas AmB promoted robust cell killing with a time course that paralleled Erg extraction. In addition, methyl-beta-cyclodextrin (MBCD), a cyclic oligosaccharide known to extract sterols from membranes, 46 similarly demonstrated both Erg extracting and cell killing activities (Fig. 5c and 5d) . Finally, the sterol sponge model predicts that AmB aggregates pre-saturated with Erg will lose the ability to extract Erg from membranes and kill yeast. Enabling this hypothesis to be tested, we found conditions that promoted the formation of stable and soluble aggregates of AmB and Erg (Online Methods Section VI). As predicted, treating cells with this pre-formed AmB/Erg complex resulted in no Erg extraction (Fig. 5c) , and no cell killing (Fig. 5d) .
DISCUSSION
For decades, scientists have widely accepted that membrane-spanning ion channels primarily contribute to the structure and antifungal activity of AmB (Fig. 1b) . [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In contrast, we found that AmB primarily forms large extramembranous aggregates that extract Erg from lipid bilayers and thereby kill yeast. Membrane-inserted ion channels are relatively minor contributors, both structurally and functionally, to the antifungal action of this natural product. While previous studies have reported large aggregates of AmB or its derivatives, 17, 21 the interpretation of these findings has been in terms of the ion channel model. Here we described PRE ( Fig. 2b and 2d ), 1 H spin diffusion trajectory (Fig 2f and 4c , Supplementary Fig. 4 , 10, 11), and TEM studies (Fig. 3a-c, Supplementary Fig. 5 ) that collectively demonstrated that AmB primarily exists in the form of large extramembranous aggregates. Moreover, changes in PREs, 1 H spin diffusion trajectories, T 1 relaxation, order parameters, line widths, and chemical shift perturbations, as well as the observation of direct intermolecular cross peaks and the results of cell-based ergosterol extraction experiments demonstrated that extramembranous aggregates of AmB directly bind Erg. We further confirmed that the AmB aggregates we observed in our SSNMR, TEM, and cell-based experiments were similar ( Supplementary Fig 15) . Collectively, these results strongly support the proposed sterol sponge model in which extramembranous aggregates of AmB extract ergosterol from phospholipid bilayers and thereby kill yeast.
The sterol sponge model provides a new foundation for better understanding and more effectively harnessing the unique biophysical, biological, and medicinal properties of this small molecule natural product. Based on the classic ion channel model, many efforts over the past several decades to improve the therapeutic index of AmB focused on selectively permeabilizing yeast versus human cells. 11, 13 This approach has not yielded a clinically viable derivative of the natural product. The sterol sponge model suggests that an alternative approach will be more effective. Specifically, analogous to the now clarified mechanism of antifungal activity, the extraction of cholesterol by large extramembranous aggregates of AmB may be primarily responsible for toxicity to human cells. This, in turn, suggests that the goal should be to maximize the relative binding affinity of AmB aggregates for Erg versus cholesterol. This insight is already guiding development of the first derivatives of AmB that are toxic to yeast cells but not human cells and thus hold exceptional promise for yielding an improved therapeutic index. 47 A high-resolution structure of the large, extramembranous AmB aggregate, with and without bound ergosterol and cholesterol, would powerfully enable the discovery and/or further development of such derivatives. Importantly, the results described herein provide a strong platform for determining such a structure. Specifically, the large extramembranous aggregate of AmB, confirmed to reproducibly and stably form in the presence of POPC bilayers ( Supplementary Fig 2, 15) , represents an excellent substrate for SSNMR analysis, and the common relaxation properties of AmB and Erg are consistent with the existence of a stable complex. Moreover, the 2D ( 1 H)-13 C-( 1 H-1 H)- 13 C spectra of the complex derived from U-13 C-AmB and 13 C-Erg (Fig. 4f) exhibited intermolecular AmB-Erg correlations with intensities indicating internuclear distances of ~6 Å or less. We further note that comparison of 13 C-13 C 2D spectra of 10:1:0 POPC:U-13 C-AmB:Erg and 10:1:1 POPC:U-13 C-AmB:Erg (Supplementary Fig. 2) showed that the structures of the AmB aggregates in the absence and presence of Erg were very similar. There were, however, some intriguing changes in the AmB resonances corresponding to the mycosamine appendage upon the binding of ergosterol (Supplementary Fig. 3 ), which will be the subject of future investigations.
We anticipate that further SSNMR studies, including those applied to derivatives of AmB and/or Erg/cholesterol with site-specific or skip-pattern isotopic labels, will enable us to define in high resolution the structure of this extramembranous aggregate and the interface between these small molecules. Such information may reveal the structural underpinnings of the small preference of AmB to bind Erg over cholesterol and further guide the development of derivatives of AmB that maximize this binding preference and thus the therapeutic index. 47 In this vein, we note that the pattern of chemical shift perturbations observed for Erg in the absence and presence of AmB are consistent with tight association between AmB and the A and B rings of the sterol. Interestingly, the B ring of cholesterol, to which AmB binds but less strongly than Erg, 27,47 is more sterically bulky than that of Erg, because it possesses an extra degree of saturation. Moreover, lanosterol, to which AmB does not bind, 27 possesses both the same extra degree of saturation in the B ring and a sterically bulky gem dimethyl group on the A ring. While further studies are required to provide a detailed picture, our current data begin to support a structural rationale for the differential binding of AmB to Erg (strong), cholesterol (weak), and lanosterol (no binding). More broadly, relative to small molecules that bind proteins, small molecules that bind other small molecules in a biologically relevant fashion are very rare. A high-resolution structure of this prototypical AmB-Erg complex may enable rational pursuit and study of other biologically important small molecule-small molecule interactions.
The sterol sponge model also offers a new rationale for the paucity of clinically relevant microbial resistance that is a hallmark of AmB as a therapeutic. Because the extraction of Erg renders yeast membranes Erg-deficient, AmB may simultaneously perturb all cellular processes that depend on membrane Erg. [28] [29] [30] [31] 48 This likely includes many different membrane proteins that directly bind Erg, [28] [29] [30] [31] and simultaneous mutation of all such proteins in a manner that alleviates this Erg dependence is highly improbable. It has also remained unclear why, in contrast to the rarity with which AmB resistant mutants are found in patients, it is relatively easy to generate AmB-resistant yeast mutants in cell culture experiments. 49 The sterol sponge model provides a rationale for this dichotomy. AmBresistant mutants generated in cell culture generally possess modified sterols in their membranes, e.g., lanosterol 50 (and/or other biosynthetic precursors to Erg) to which AmB does not bind (see above). 27 It was previously assumed that such changes in sterol content minimize antifungal potency by minimizing membrane-permeabilizing activity. 9, 10, 13, 49 The sterol sponge model alternatively suggests that, because AmB does not bind or extract lanosterol, this modified sterol remains in the membrane to serve as a surrogate binding partner for sterol-dependent proteins. Due to the structural differences between lanosterol and Erg described above, however, the former is likely only a minimally effective substitute, resulting in reduced activity of many proteins that require specific interactions with Erg to function properly. This, in turn, may translate into substantially reduced pathogenicity of the resulting yeast mutants. Consistent with this notion, strains of yeast with modified sterol content have markedly reduced pathogenicity in animal models. 49 Such strains may routinely emerge in patients treated with AmB, but, due to their reduced pathogenicity, cannot thrive and/or are rapidly cleared by the immune system of the host. A recently reported alternative series of studies provide complementary support for these conclusions. 49 The clarified picture of the structural and functional underpinnings of AmB activity provided by the sterol sponge model also illuminates a rational roadmap for separating the ion channel forming and cytotoxic activities of AmB. Small, membrane-spanning ion channel aggregates likely exist as minor components in equilibrium with the large extramembranous assemblies of AmB characterized herein. This proposal is consistent with the weak AmB-lipid correlations observed in the SSNMR spin diffusion experiments, and the limits of detection of the SSNMR PRE and TEM studies. As we have previously demonstrated, binding ergosterol in the absence of channel activity is sufficient for cell killing. 25 Specifically, the capacity for channel formation can be selectively eliminated while preserving the capacity for both Erg binding and cell killing via deleting the C35 hydroxyl group appended to AmB. 25 In the sterol sponge model, this result can be rationalized by invoking a selectively destabilizing influence of this functional group deletion on the smaller membrane-inserted channel aggregates. Future studies will aim to determine whether this putative equilibrium between large extramembranous and small membrane-spanning aggregates can be alternatively shifted to favor ion channel formation, thereby maximizing potentially useful membrane-permeabilizing functions 25 while minimizing cytotoxic sterol extracting activity.
In summary, for more than half a century, the classic ion channel model has dominated the conceptual framework through which scientists have perceived and studied the structure and function of AmB in lipid bilayers. In contrast to this classic model, AmB primarily exists in the form of large, extramembranous aggregates that physically extract Erg from lipid bilayers and thereby kill yeast. This new sterol sponge model stands to more effectively guide the understanding, optimization, and clinical utilization of this prototypical small molecule natural product, as well as other small molecules that similarly interface with living systems.
Online Methods
I. General Methods
Materials-Commercially available materials were purchased from Sigma-Aldrich, Alfa Aesar, Avanti Polar Lipids, Cambridge Isotope Laboratories, or Fisher Scientific and were used without further purification unless stated otherwise. Natural abundance amphotericin (AmB) was purchased from Sigma-Aldrich or a gift from Bristol-Myers Squibb Company. Unless stated otherwise, all solvents were dispensed from a solvent purification system that passes solvents through packed columns according to the method of Pangborn and coworkers 52 (THF, Et 2 O, CH 2 Cl 2 , toluene, dioxane, hexanes: dry neutral alumina; DMSO, DMF, CH 3 OH: activated molecular sieves). Water was dispensed from a MilliQ water purification system (Millipore Corporation, Billerica, MA).
Purification and Analysis-Preparative scale HPLC purification was performed using an Agilent 1260 series instrument equipped with a multiple-wavelength detector and a Waters SunFire Prep C18 OBD 5 µm 30×150 mm column at a flow rate of 25 mL/min. All HPLC solvents were filtered through 0.2 µm Millipore filters prior to use. UV/Vis analyses were performed on a Shimadzu PharmaSpec UV-1700 spectrophotometer. Electrospray ionization mass spectra (ESI-MS) were obtained at the University of Illinois mass spectrometry facility.
Amphotericin and Amphoteronolide B-Due to light and air sensitivity of polyenes, all manipulations of AmB and amphoteronolide B (AmdeB) were carried out under lowlight conditions and compounds were stored under a dry argon atmosphere at −20 °C. AmdeB was prepared synthetically from natural abundance AmB as previously described. [25] [26] [27] All AmB and AmdeB used for current experiments were purified by preparative scale HPLC. All manipulations of HPLC-purified AmB and AmdeB were performed using either Optima MeOH, 0.2 µm-filtered HPLC grade solvents, or solvents dispensed from a solvent purification system. 52 For purification, solid AmB was dissolved in DMSO (10 mg/mL), filtered through Celite 545 and purified (100 µL injections) with gradient of 5% to 65% MeCN / 5 mM ammonium acetate (NH 4 OAc) over 12 minutes with detection at 406 nm. The column was subsequently flushed with isocratic 95% MeCN / 5 mM NH 4 OAc for 2 min and re-equilibrated to 5% MeCN / 5 mM NH 4 OAc prior to the next injection. The combined AmB solution was concentrated in vacuo, with filtered (0.2 µm) MeCN added back to the flask as needed for azeotropic removal of water. The resulting yellow solid was suspended via bath sonication in 1:1 MeCN:toluene and again concentrated in vacuo for azeotropic removal of residual NH 4 OAc. Residual solvent was removed under high vacuum for ≥ 8 h to furnish a pale yellow solid, which was stored under argon at −20 °C.
AmdeB was dissolved in DMF, filtered (Celite 545), injected, and eluted with a mobile phase gradient of 5% to 95% MeCN / 5 mM NH 4 OAc over 25 min.
Biosynthesis of U-13 C-AmB-U-13 C-AmB was prepared using a modified version of the method previously reported, 18 with U-13 C-glucose replacing natural abundance fructose in the culture medium. All simple carbon sources were thus uniformly 13 C-labeled, resulting in unprecedented isotopic enrichment of >80%, as measured by mass spectrometry. After work up and precipitation, U-13 C-AmB was purified by gradient C18 chromatography followed by HPLC. (Supplementary Note) Ergosterol-Natural abundance ergosterol (Erg) was purchased from Sigma-Aldrich and recrystallized from EtOH before use. Stock solutions of 4 mg/mL Erg in CHCl 3 were stored under argon at −20 °C for up to one month. 13 C-skip-labeled Erg ( 13 C-Erg) was prepared biosynthetically using the method previously described. 19, 51 II. Solid-state NMR spectroscopy SSNMR experiments were performed using a 600 MHz InfinityPlus spectrometer (Varian, now a subsidiary of Agilent Technologies, Inc.) equipped with a 3.2 mm T3 HXY MAS probe tuned to 1 H-31 P-13 C mode. Pulse widths (π/2) for 1 H, 13 C, and 31 P were 2-2.5 µs, 3.2 µs, and 3.2 µs, respectively. Spinning was controlled with a Varian MAS controller to 10,000 ± 2 Hz. SPINAL-64 decoupling (~75 to 80 kHz) was used during evolution and acquisition periods. 53 The flow rate of sample cooling gas was maintained at 100 scfh at 20 °C, resulting in a calibrated sample temperature of 19.2±1 °C. Chemical shifts were referenced externally with adamantane, with the downfield 13 C resonance referenced to 40.48 ppm. 54 13 C T 1 and PRE Experiments-T 1 values were measured using standard T 1 inversion recovery pulse sequence with a 5 second pulse delay. Data were processed and fit with Varian Spinsight software version 4.3.2. For each of the resolved methine and methylene in U-13 C-labeled amphotericin (U-13 C-AmB) and 13 C skip labeled ergosterol ( 13 C-Erg) the longitudinal 13 C PRE was obtained by calculating the difference between the 13 C R 1 values for sample with and without 5 mol% of the DOXYL lipids, determined by modeling the individual relaxation trajectories as single exponential decays. T 1 trajectories were fit using the integrated volume of a given peak as a function of delay time (tau_1); integration boundaries were set to the linewidth at half height. The average line widths were ~40-60 Hz for POPC, ~50 Hz for Erg with no AmB present, 127 Hz with AmB present (Supplementary  Table 3 ), and ~187 Hz for AmB alone.
1 H-13 C Spin-Diffusion Experiments-We performed 1 H-13 C spin-diffusion correlation experiments as previously described 41 {Huster, 2002 #330} using a 1 ms T 2 filter, to detect interactions between the mobile 1 H signals of lipid acyl chains (1.35 ppm) and/or water (4.7 ppm) with the U-13 C-AmB, and 13 C-Erg in the presence and absence of AmB. 1 H-13 C polarization transfer trajectories were extracted from 1 H-13 C 2D spectra collected with 1 H-13 C mixing times ranging from 1 ms to 625 ms, by fitting peaks with a minimum signal to noise of 5, using a box integration method in Sparky. Trajectories were then normalized based on maximum observed intensity for a single resolved water or lipid 1 H-13 C cross peak after correction for 1 H T 1 relaxation, which was measured in a separate T 1 inversion recovery experiment. Error bars are derived from the signal-to-noise ratios observed for each crosspeak.
Order Parameters from 1 H-13 C Dipolar Couplings-Dipolar order parameters (S) were measured using the T-MREV pulse sequence 44 at an MAS rate of 8.333 kHz (N=4 condition, 100 kHz 1 H decoupling nutation frequency, 2.5 µs 1 H π/2 pulse length). The T-MREV 13 C-1 H dephasing was incremented by 30 µs and a total of 25 increments were recorded in t 1 . Fortran fitting routines 55 were used to determine the 13 C-1 H dipolar coupling, taking into account the effects of relaxation and contributions from weaker couplings from neighboring protons. We calibrated the scaling factor of the T-MREV sequence by measuring the 13 C-1 H dipolar coupling for crystalline N-acetyl-L-valine under the identical experimental conditions.
( 1 H)-13 C-( 1 H-1 H)-13 C Correlation Spectra-( 1 H)-13 C-( 1 H-1 H)- 13 C SSNMR experiments to yield performed at 10 °C, at an MAS rate 11.628 kHz, with the heteronuclear contact time (t HC ) set to 400 µs, and 1 H-1 H mixing time of 400 µs. These conditions reveal cross peaks for internuclear 13 C-13 C distances of ~4-6 Å. In order to properly identify new intermolecular AmB-Erg cross peaks the ( 1 H)-13 C-( 1 H-1 H)-13 C spectra were acquired backto-back under identical conditions, including and signal averaging, adjusting the total measurement time based on the amount of material. The rotors of POPC:U-13 C-AmB:Erg (10:1:1 molar ratio) and POPC:U-13 C -AmB: 13 C-Erg (10:1:1 molar ratio) were packed with ~25 mg and the spectra signal averaged for 7.8 days each. The 10:1:1 POPC:AmB: 13 C-Erg sample was ~16 mg and therefore signal averaged for 13.6 days. The three spectra were all processed identically, with 40 and 75 Hz 13 C line broadening applied in the direct and indirect dimensions, respectively.
III. Preparation of samples for SSNMR
Preparation of stock solutions-A fresh stock solution of HPLC-purified AmB (natural abundance or U-13 C-AmB) was prepared for each experiment by dissolving AmB in a large volume of Optima methanol, typically 75-100 mL for 10 mg of AmB. Stock solution concentration was measured in triplicate by dilution in MeOH and measuring absorbance at 406 nm (ε 406 = 146000 M −1 cm −1 ). 26 Stock solutions of Erg were prepared by dissolving recrystallized (commercial) or HPLCpurified (biosynthetic) Erg in a minimum volume of CHCl 3 and the concentration determined by UV/Vis spectroscopy (ε 282 = 10,400 M −1 cm −1 ). 27 Erg stock solutions were stored in I-Chem vials under a dry argon atmosphere at −20 °C for up to 1 month.
Phospholipids were purchased as stock solutions in CHCl 3 and these solutions were used directly for liposome preparation. Unused phospholipid solutions were stored in vials/bottles under a dry argon atmosphere at −20 °C, and discarded after 1 month.
Preparation of liposome vesicles for SSNMR-Liposomes were prepared using a modified version of the protocol previously reported. 18 A suspension of POPC/Erg/AmB in 1:1 CHCl 3 /MeOH was prepared as follows: The desired amount of AmB stock solution (typically 30-40 mL) was concentrated in vacuo to 2-3 mL and transferred to a 7 mL Wheaton vial, with three Optima MeOH washes to ensure complete transfer. This resulting AmB suspension was concentrated in vacuo. The desired amounts of stock solutions of phospholipid and Erg were then added via Hamilton gastight syringe, and an equivalent volume of Optima MeOH was added to resuspend the AmB. The vial was capped and this suspension was briefly vortexed and bath-sonicated until no AmB remained adherent to the sides of the vial (2-3 cycles). Solvent was removed under a gentle stream of nitrogen gas. Residual solvent was removed under high vacuum for ≥8 h.
To the dried solid was added filter-sterilized 0.3 mM HEPES buffer, pH 7.0 to yield a final phospholipid concentration of 40 mM. This aqueous suspension was vortexed and sonicated 3 times or until a homogeneous suspension was observed. Samples were then submitted to 5 freeze/thaw cycles (liquid nitrogen, lukewarm tap water). Samples were again frozen in liquid nitrogen and lyophilized for ≥8 h. The lyophilization chamber was then back-filled with dry Ar to prevent samples from absorbing ambient water. Samples were immediately capped and packed into rotors for SSNMR as soon as possible.
Dry samples were packed in 3.2 mm diameter limited speed SSNMR rotors (Agilent Technologies, Inc.) and hydrated with 8-10 µL of MilliQ H 2 O. Rubber discs were used in the rotors to maintain hydration levels by creating a seal. Samples were placed at 4 °C for at least 24 hours to allow water to equilibrate.
IV. Electron Microscopy
General Information-LUVs were prepared by the method reported previously, 25, 27 and AmB was added to the LUV suspension as a freshly-prepared DMSO stock solution. Microscopy was performed using a 120-keV FEI Spirit Transmission Electron Microscope.
Images were recorded using a bottom mount TVIPS CMOS based camera system at nominal magnifications of 23,000-49,000x at the specimen level. Measurements were taken in ImageJ32 (v 1.47).
Sample Preparation-AmB was prepared as a stock DMSO solution (8.82 mM). 5 µL of the stock AmB solution was added to 95 µL of the 50x-diluted LUV solutions. For AmBfree samples, 5 µL of DMSO was added to 95 µL of the 50x-diluted LUV solutions. Samples were vortexed gently for 5 seconds then incubated at 37 °C for 1 hour. EM samples were prepared as previously described 56 with the following modifications. A 4 µL drop of the sample was applied to a negatively charged carbon-coated copper grid (Gilder 200 mesh, Ted Pella, Inc., Redding CA) for 30 seconds. Subsequently, two drops of freshly prepared 2% uranyl acetate were added to the sample and incubated for 1 minute before drying via aspiration. Samples were then screened on the electron microscope. Sample Preparation-750 mL overnight cultures of S. cerevisiae were grown to stationary phase (OD 600 of ~1.7 as measured with a Shimadzu PharmaSpec UV-1700 UV/Vis spectrophotometer). This culture was divided equally into 50 mL Falcon centrifuge tubes.
Stock solutions of AmdeB, AmB, and Erg were prepared in DMSO. Methyl-betacyclodextrin (MBCD) was added directly to the liquid culture. Cells were treated with either a DMSO only control, 5 µM AmdeB, or 5 µM AmB for 1, 30, 60, or 120 minutes. Cells were treated with DMSO control, 500 mM MBCD, 25 µM Erg control, and the 5 µM AmB: 25 µM Erg complex (Section VII) for 120 minutes. Treated tubes were incubated on the rotary shaker (200 rpm) at 30°C for the time of exposure.
For the quantification of colony forming units (CFUs), at the end of exposure, aliquots were taken from the samples, diluted, and plated on YPD agar plates. The plates were then incubated for 48 hours at 30°C and colony-forming units were counted.
For the quantification of percent ergosterol remaining, yeast membranes were isolated using a modified version of Haas' spheroplasting and isosmotic cell lysis protocol and simple differential ultracentrifugation. 45 At the end of the exposure time, tubes were removed from the shaker and centrifuged for 5 minutes at 3000 µg at room temperature. The supernatant was decanted and 5 mL of wash buffer (dH 2 O, 1M DTT, 1M Tris-HCl, pH 9.4) was added. The tubes were vortexed to resuspend and incubated in a 30°C water bath for 10 minutes. Tubes were then centrifuged again for 5 minutes at 3000 µg and the supernatant decanted.
1 mL of spheroplasting buffer (1M KPi, YPD media, 4M Sorbitol) and 100 µL of a 5 mg/mL solution of lyticase from Arthrobacter luteus (L2524 Sigma-Aldrich) was added to each tube, and each tube was then vortexed to resuspend. Tubes were incubated in a 30°C water bath for 30 minutes, with occasional swirling. After incubation, tubes were centrifuged for 10 minutes at 1080 µg at 4 °C and the supernatant decanted.
1 mL of PBS buffer and 20 µL of a 0.4 mg/ml dextran in 8% Ficoll solution was added to each tube, mixed very gently to resuspend. This suspension was placed on ice for 4 minutes and then heat-shocked in a 30°C water bath for 3 minutes.
The suspensions were then transferred to Eppendorf tubes, vortexed to ensure complete lysis, and centrifuged at 15000 µg at 4 °C for 15 minutes to remove un-lysed cells and cell debris. The resulting supernatants were transferred to thick-wall polycarbonate ultracentrifuge tubes (3.5 mL, 13×51 mm, 349622 Beckman Coulter) and spun for 1 hour at 100,000 µg at 4°C in a Beckman Coulter TLA-100.3 fixed-angle rotor in a Beckman TL-100 Ultracentrifuge. The supernatant was poured off. The remaining membrane pellet was resuspended in 1 mL PBS buffer and stored at −80 °C until further analysis.
Gas chromatography quantification of sterols-750 µL of each membrane pellet sample and 20 µL of internal standard (4 mg/mL cholesterol in chloroform) were dissolved in 3 mL 2.5% ethanolic KOH in a 7 mL vial, which was then vortexed gently, capped, and heated in a heat block on a hot plate at 90°C for 1 hour. The vials were then removed from the heat source and allowed to cool to room temperature. 1 mL of brine was added to the contents of each vial. Extraction was performed twice, each with 3 mL of hexane. Organic layers were removed in both extractions, dried over magnesium sulfate, filtered through Celite ® 545 (Sigma-Aldrich), and transferred to another 7 mL vial. The contents of the vial were then concentrated in vacuo in a 30°C water bath.
The resulting sterol films were resuspended in 100 µL pyridine and 100 µL N,O-Bis-(trimethylsilyl)-trifluoroacetamide with 1% trimethylchlorosilane (T6381-10AMP SigmaAldrich) by vortexing gently. 57 This solution was heated at 60 °C for 1 hour. The vials were placed on ice and the solvent was evaporated off by nitrogen stream. Vials must be kept at a low temperature to prevent evaporation of the sterol TMS ethers along with the solvent. The resulting films were resuspended in 100 µL of decane, filtered and transferred to a GC vial insert for analysis.
Gas chromatography analysis was carried out on an Agilent 7890A gas chromatograph equipped with a FID, an Agilent GC 7693 Autosampler, and a Dell computer running Microsoft XP that utilizes ChemStation v.B.04.02 SP1. Samples were separated on a 30 m, 0.320 mm ID, 0.25 um film HP-5 capillary column (19091J-413 Agilent) using hydrogen as a carrier gas with an average velocity of 84.8 cm/s. Nitrogen make-up gas, hydrogen and compressed air were used for the FID. A split/splitless injector was used in a 20:1 split. The injector volume was 2 µL. The column temperature was initially held at 250 °C for 0.5 min, then ramped to 265 °C at a rate of 10 °C /min with a final hold time of 12.5 min. The injector and detector temperature were maintained at 270 °C and 290 °C, respectively. The value reported for each time point was calculated by dividing the value for the treatment group by the value for the DMSO control at the same time point, and then normalizing the DMSO control to 100%.
VI. Preparation of an Amphotericin/Ergosterol complex
Erg was prepared as a stock solution, 4 mg/mL in CHCl 3 , and the solvent removed under a gentle stream of nitrogen gas. Residual solvent was removed under high vacuum for at least 8 h. A DMSO solution of 5 µM AmB was then added to this solid Erg (25 µM final Erg concentration, 5:1 mole ratio Erg:AmB). The resulting suspension was gently vortexed and then heated to 80 °C for one hour in an aluminum heating block to allow Erg to fully dissolve. The resulting AmB/Erg solution was then allowed to cool to room temperature. This solution was left to complex at room temperature for another hour before use.
The absorbance spectra of the two types of aggregate, (1) 5 µM AmB only in PBS buffer, (2) 5 µM AmB:25 µM Erg complex in PBS buffer, and the monomeric form of AmB (AmB in 25% PBS buffer, 75% methanol) were investigated using a Shimadzu PharmaSpec UV-1700 UV/Vis spectrophotometer. 58 Supplementary Fig. 15 shows the distinct shift in UV spectra between the different forms of AmB and AmB bound to Erg in a complex.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. 13 C relaxation times for sites in (c) POPC and (d) AmB. e, Selected 1 H-13 C 2D spectra were collected with 1 ms T 2 filter, and 1 H-1 H spin diffusion times of 1 ms, 100 ms, and 400 ms; cross peaks from lipid acyl chains (red) and water (blue) to U-13 C-AmB polyene region. f, The polarization transfer was quantified as a function of spin diffusion time from water and lipid to U-13 C-AmB polyene. PRE values were derived from the difference between 13 C R 1 relaxation rates measured via inversion recovery for diamagnetic samples and samples containing 5-and 16-DOXYL-PC. Error bars were determined by chi-squared analysis. 1 H-13 C spin diffusion data were normalized relative to maximum intensity observed for both lipid and water cross peaks for a given 13 C site after correcting for 1 H T 1 relaxation. Error bars were derived from signalto-noise of the observed cross peak. Spectra were acquired at 14.1 T (600 MHz 1H frequency) at 20 °C, 10 kHz MAS. 42, 43 of (d) only 13 C-Erg (328 h signal averaging time), (e) only U-13 C-AmB (187 hr), and (f) both 13 C-Erg and U-13 C-AmB (187 hr). Error bars in (a) were derived from chi-squared analysis of inversion recovery trajectories. The 1 H-13 C spin diffusion data in (c) were normalized relative to maximum intensity observed for both lipid and water cross peaks for a given 13 C site after correcting for 1 H T 1 relaxation, and error bars were derived from signal-to-noise of the observed cross peak. Spectra were acquired at 14.1 T (600 MHz 1 H frequency). Panels (a, b and c) were acquired at 10 kHz MAS, at 20 °C and 10° C, respectively. The ( 1 H)-13 C-( 1 H-1 H)- 13 C spectra (d-f) were acquired at 10 °C, 11.628 kHz MAS, processed with 40 and 75 Hz linebroadening in the direct and indirect dimensions, respectively, and were drawn with contour threshold set to four times the root mean square noise. The percentage of Erg remaining in the cell membranes was normalized to DMSO-only treated controls. b, Cell killing paralleled Erg extraction in AmB-treated cells. The non-Ergextracting derivative, AmdeB showed no cell killing effects. c, Erg extraction after 120 minutes of incubation. 500 mM MBCD extracted Erg from the membranes of S. cerevisiae cells, whereas a pre-formed 5 µM AmB:25 µM Erg complex did not. The percentage of Erg remaining in the cell membranes was normalized to DMSO-only and 25 µM Erg in DMSOonly treated controls, respectively. d, Cell killing after 120 minutes incubation was observed for yeast treated 500 mM MBCD, but not for yeast treated with 5 µM AmB:25 µM Erg complex. Averages ± s.e.m. for at least 3 independent experiments. * P < 0.02, ** P < 0.002, NS not significant.
